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SUMMARY

It has been recognlzed for some time, and shown quantitatively by
the results of flight tests, that low-speed lateral control of airplanes
may be insured by a simple limitation of the maximum elevator deflection
so that the maximum angle of attack maintainable is that which will still
allow satisfactory lateral control characteristics. However, this pro-
cedure places severe requirements on the longitudinal trim characteristics
of the ailrplane, Iinasmuch as this maximum elevator deflection must be ade-
quate for the range of power settings and center-of-gravity locations
encountered in flight. The purpose of this report is to provide the
analytical means by which designers may estimate the elevator deflection
required to trim in steady longitudinal flight and to demonstrate in a
quantitative manner the effects on longitudinal trim of changes in some
of the more important design parameters.

Simplified methods and semiempirical data have been summarized from
existing literature and employed to provide analytical procedures that
are simple to apply but yet are accurate enough for use in preliminary
design. Two light aircraft are analyzed quantitatively by the procedures
given, for both power-on and power-off conditions, in order to demonstrate
the use of the analytical methods and to provide a comparison with flight-
test results. Computed and flight-test values of elevator deflection are
in good agreement. Calculated values of elevator deflectlon are also pre-
sented for both alrcraft to demonstrate the quantitative effects of changes
in some of the more important variasbles, as well as the effects of power.
Applications to design are discussed.

It is concluded that these procedures can result in a design in which
the maximum up-elevator deflection may be maintained within the highest
value that will result in satisfactory damping in roll and reliable lateral
control under all flight conditions, while, at the same time, adequate
longitudinal control is available.
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INTRODUCTION

This report 1s the third and final one in a series dealing with-the
problem of lateral control of airplanes near the stall. Previous work
has been reported in references 1 and 2.

The major objective of this program has been to provide the designer
with quantitetive design Information from which the proper combination of
variables may be selected to insure satisfactory control near the stall.

In general, there are two methods by which reliable low-speed lat-
eral control characteristics may be obtained. One of these is to increase
the angle of attack for the stall of the wing, or at least the outboard
portions of the wing, to a point beyond the highest angle that 1s required
in steady flight or in landing, thus maintaining effective damplng-in-roll
characteristics. This method utilizes aerodynamic devices such as
leading~edge slots and wing washout. In reference 1 results were pre-
sented of flight tests employing this method; the results showed that
effective and reliable low-speed lateral control could be attained with
the airplane configuration tested but only for power-off flight and a
narrow range of center-of-gravity positions.

The second method consists of simply limiting the elevator deflec-
tion so that the maximum angle of attack maintainable 1s that which will
still allow satisfactory lateral control characteristics. It was shown
in reference 2 that satisfactory lateral control wes obtained, for all
airplanes tested, up to a "critical" angle of attack that was within 2°
of the angle of attack at which the airplane stalled; the reduction in
minimm speed was almost negligible. However, thils approach is a diffi-
cult one because the elevator deflections required for longitudinal trim
usually vary greatly with center-of-gravity location and power setting;
the elevator deflection required to land causes further scatter of the
range of required elevator deflections. Nevertheless, the designer does
have a certain degree of control over longitudinal trim characteristics
by means of a number of design variables. Flight tests on several air-
planes, conducted to obtain quantitative information regarding the range
of elevator deflections encountered, are reported in reference 2. There
are also included the results of flight tests on one airplane utilizing
different horizontal tall configurations which were proportioned so as
to minimize the change in horizontal trim caused by application of power.

The results of the flight investigations showed that it is feasible
to have airplane configurations for which application of power makes a
very slight change 1n the angle of attack at which the airplane trims
with a given elevator setting. The results also showed that for moderate
ranges of center-of-gravity travel a single maximum elevator deflection
gave acceptable low-speed performance (the maximum up-elevator deflection
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that would produce the critical angle of attack with the rearward center-
of -gravity condition would produce an acceptable minimum speed in the
forward center-of-gravity condition). With airplanes having tail-wheel-
type landing gears, however, 1t appears to be extremely difficult to
cover the three-point-landing situation satisfactorily. Because of the
ground effect a greater elevator deflection is required to abtain a
given angle of attack while the airplane is landing than when it is
flying well above the ground. On this account, it is unlikely (but not
impossible) that a single maximum elevator deflection can be found thet
will not produce an angle of attack above the critical value for satis-
factory lateral control in the most rearward center-of-gravity condition
with power full on and that will also produce a three-point landing with-
out power in the most forward center-of-gravity condition.

With airplanes having tricycle gears, however, the three-point
landing is not a consideration, and all of the conditions can be met
satisfactorily without great difficulty. With both of the tails tested
on the one airplane fitted with a tricycle gear, satisfactory maximum
elevator deflection was found which allowed good lateral control at mini-
mum speed, with power off and power on, and provided satisfactory landing
and take-off performasnce, throughout the entire center-of-gravity range
for the various possible conditions of loading. The tests thus showed
the system to be entirely usable for airplanes having tricycle landing
gears and a moderate range of center-of-gravity locations.

It is the purpose of the present report to provide designers with
detailed procedures for analyzing the effects of changes in design param-
eters on longitudinal trim characteristics for ailrplanes of various con-
figurations. This is accomplished by (1) presenting a summary of perti-
nent data and formulas which may be used to evaluate longitudinal trim
characteristics analytically, (2) presenting detailed numerical examples
which illustrate the analytical procedures, and (3) presenting the results
of numerical studies which are intended to demonstrate the effects of
changes in some of the more important design variables. 1In addition, the
results of the numerical examples are correlated with the results of flight
tests from references 1 and 2. It is hoped that these results will be of
assistance to designers in determining the relationships between the '
various factors involved so that satisfactory control charscteristics
can be provided for the particular configuration in question.

Simplicity and ease of computation have been the keynote throughout
the preparation of this report. Date have been presented in curve form
wherever possible and empirical or semiempirical factors and formulas
have been used freely; correction factors which experience has shown are
usually small (as, for example, the effect of the wake on downwash angle
and the actual value of the thrust coefficient in the windmilling pro-
peller condition), at least for light aircraft, have sometimes been
omitted. Nevertheless, it is believed that the procedures described
herein are sufficiently accurate for preliminary design purposes.
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When comparisons with flight-test results are attempted later in
this report, it should be kept in mind that (1) the simplified procedures
utilized will result in computed values which might be improved somewhat
by the use of more exact methods; (2) the flight-test results should be
considered in the light of the limited accuracy of experimental measure-
ment; and (3) measurements made by flight test more oftern than not reflect
pillot technique in some measure. In view of these comments, it will be
consldered satisfactory if computed values of control-surface deflection
are within about 4° of the corresponding experimental values. In a
previous unrelated study (ref. 3), a correlation of sbout 3° was con~
sidered acceptable; however, in that investigation, the computed results
were obtained by employing data obtained directly from flight tests,
wherever feasible. The philosophy of the present report is to present
methods which may be used in the preliminary design stage where accurate
or even adequate data are often not available; therefore, it is not
unrealistic to accept differences of somewhat more than 3°. It is empha-
sized once again that the guiding principle of this report is the pre-
sentation of methods which may be used to predict the effects of changes
in design variables.

It might be mentioned that the methods of analysis presented herein
wlll also yleld informastion concerning the longitudinal static stabillity.
Calculations may be made for the pitchling moment about the center of
gravity (zero elevator deflection) for several values of 1ift coefficient.
The customary plot of pitching moment versus 1ift cocefficient will show
the static stability characteristic by the slope of the resulting curve.

The suthors wish to thank Mr. James D. Barnard for his assistance
in performing computations and in preparing the figures. This work was
conducted at the Aireraft Research Center of the Texas Engineering
Experiment Station, Texas Agricultural and Mechanical College System,
under the sponsorship and with the financial assistance of the National
Advisory Committee for Aeronautics.

ANATYSTS
Power Off
Baslc asnalysis.- The equilibrium equation for steady longitudinal

flight may be written from a consideration of the forces and moments
acting in the plane of symmetry. Assuming thst

(1) There are no power effects (direct or indirect)

(2) The aircraft is not in close proximity to the ground

(3) Moments contributed by the drag forces, except wing drag, are
negligible
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(4) The only lifting elements are the wing and horizontal tail

the equillbrium equation is
Xaa .
Cy, . cos - 1y} + Cp_sin (o, - iw] = + [é cos (O —- iy) -
[Lw (o8 - %) + Cp, s1n )CWDW( )

1
Cr,, sin (aw-iwil-:—:—c-+cmfu-a.t(a.w-e-iw+ it+75e)’:'tw‘g%ﬂt=°
(1)

The meaning of each symbol in this equation may be found in the list of
symbols given in the appendix. (See fig. 1 also.)

The moment contributed by the fuselage may be estimated by the sim-
ple formula (ref. 3)

2
K
Cmfu - qu?u Ley c (2)
Syl

The factor Kg,, which depends on the wing location on the body, may be
determined from figure 2.

The horizontal tail lift-curve slope may be obtained from figure 3
as a function of tail aspect ratio (ref. 4). In the absence of more
relisble data, the upper curves in figure 3 may be utilized for estimating
the wing lift-curve slope, dependlng on the section lift-curve slope ag.

The downwash angle € 1s a very important quantity; however, its
accurate determination requires exceedingly complex procedures. For most
analyses, it will be adequate to determine € by means of convenient
design charts (ref. 5). These charts, which are reproduced here in fig-
ures 4 to 13, give downwash angles for plain and flapped untwisted wings.
The wings considered include both elliptical and tapered plan forms (taper
ratios of 1, 2, 3, and 5) with aspect ratios of 6 and 9 and flaps covering
40 and 70 percent of the wing span.

The following procedures govern the use of these charts:

Plain wings: The procedure for plain wings is as follows: (1) Find
the longitudinal distance x of the elevator hinge axis from the quarter-
chord point of the root section and the vertical distance m (with respect
to the airplane reference line) ¢f the hinge axis from the wing trailing
edge (negative down). (2) Find the contribution h, of the plain wing

to the downward displacement of the wake center line at the distance x
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(o)}

from the quarter-chord point by multiplying the value at the distance x

on the corresponding displacement chart by the 1lift coefficient. (3) Locate
the point (x, |m + hy]) on the downwash contour chart and multiply the cor-
responding downwash angle by the 1lift coefficient and by the correction
factor obtained from figure 1k which accounts for the variation of down-
wash angle across the span of the horizontal tail (ref. 5).

Flapped wings: For flapped wings the procedure is as follows:
(1) Find the longltudinal distance x of the elevator hinge axis from
the quarter-chord point of the root section and the vertical distance mn
of the hinge axis from a point (the wake origin) lying at a distance hg

below the trailing edge of the wing, where
G%F) sin 8¢ + kEw
hy =
b/2
and k 1s given in figure 15. (2) Find the contribution hy of the

plain wing to the downward displacement of the wake center line at dis-
tance x from the quarter-chord point by multiplying the value on the
corresponding displacement chart (plain wing), at the distance x, by
CLW‘ (3) Find the contribution hy of the flap to the downward dis-

placement by multiplylng the value on the corresponding chart (flap), at
the distance x, by CLf' (%) Locate the point (%, [m + by + he]y on
the contour cherts for the plain wing and for the flap; multiply the cor-
responding downwash angles, respectively, by C1,, and CLf and by the

correction factor from figure 14 and add in order to obtain the downwash
angle.

(3)

A slight correction is often added to the downwash angles obtained
by the procedures Just described which accounts for the effect of the
wake on the downwesh angle. The effect is to increase the downwash above
the wake center line (located by m + h, or, in the case of a flapped

wing, by m + h + hp) and to decrease the downwash below it. The cor-

rection is usually negligible for plain wings; for flapped wings with
small flap deflections a correction of 1.5 within the wake to 1° at the
wake edge should be adequate, while for large flap deflections those
values should be doubled. The location of the horizontal tail with respect
to the wake may be determined from figures 16 and 17. For a more accurate
determination of the magnitude of the weke correction, reference 5 should
be consulted.

For wings or flap spans other than those included in these charts,
linear interpolation or extrapolation 1s usually quite sufficient. For
wings which possess considerable twist, the downwash due to twist must be
calculated from the spanwise load distribution at the zero-1ift condition,
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and this is used as an increment of downwash to be added to the downwash
found by the procedures outlined on the preceding page.

The contribution of flaps to the wing lift, drag, and moment may
also be accounted for conveniently by means of certain design charts
(refs. 5 and 6). The increase in section 1ift coefficient, corresponding
to a given flap deflection, may be obtained from flgure 18(a); the increase
in totdl wing 1lift coefficient may then be obtained from figure 18(b). The
increments in wlng section moment coefficient and total wing drag may be
found from figure 19. These design charts should only be used in the
absence of more reliable aerodynsmic data pertaining to the particular
design.

Deflection of the elevator serves to change the effective angle of
attack of the horizontal tail. The change of ap with elevator deflec-

tion thus constitutes an important parameter T, known as the elevator
effectiveness factor. An empirically derived curve for T. (ref. 6), as
a function of Se/St: is shown in figure 20.

The dynamic pressure in the vicinity of the horizontal tail is often
quite different from the free-stream dynamic pressure; the ratio 94 /q = Ny

is called the tail efficiency factor. For power-off flight, T 1s less
than unity because of the unavoidable loss of energy as the air flows past
the aircraft ahead of the tail plane. The value of 17y may be estimated,
for plain wings and wings with split flaps, from figure 21 (ref. 7); how-
ever, these values may be revised upward slightly depending upon the aero-
dynamic cleanness of the wing-fuselage combination.

The data just discussed, together with the aerodynamic and geometric
data established for the proposed design, will enable the analyst to evalu-
ate the elevator deflection required for longitudinal trim from equation (1).

Effect of windmilling propeller and ground proximity.- The effects of
running propellers are very pronounced and some account should be taken of
them in any stability or equilibrium analysis. Even in the case of a wind-
milling propeller the normal force (i.e., normal to the thrust line) may be
a rather significant quantity. Therefore, although a detailed analysis of
the effects of application of power will be given in a later section of
this report, a simple analysis will now be presented for the effect of
the windmilling propeller, assuming that the axial thrust 1s zero.

lIn many cases it will be sufficient to employ a weighted incidence
angle and treat the wing as though it were untwisted. The applicability
of this procedure will generally depend upon the distribution of the twist,
since, for example, if the wing is mostly twisted near the tips the influ-
ence on the downwash in the vicinity of the horizontal tail will be small.
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The moment contributed by the propeller normal force may be written
as (ref. 6, p. 24l)

[(cm)NI;I Te=0 [(%)Jmc-oé- dmw)sfrzpwzw Ly )

for the windmilling condition. In most cases, (?EE) mey be taken
dor: p|T.=0

as 0.00165 for two-bladed propellers and 0.00235 for three-bladed propel-

lers; however, for more precise values, charts for particular propellers

are given in reference 8. More precise values may also be obtained by

use of figures 22 to 24 of the present report. The factor 1 + %ﬁ; refers

to the upwash at the propeller and may be obtalned from figure 25 (modi-
fied from ref. 9).

Since even the windmilling propeller produces some additional down-
wash at the tail, the corresponding additional moment is then (ref. 6,

p. 241),
| _ _aSgleng  |fdCy ae
[(Cm)ep—_l Te=0  8y,5,5,(0.07) [(dmr)] _0(1 * dg,w)ch (5)

There 1s probably some change in the dynamic pressure at the tail
due to the windmilling propeller; however, the change is usually so slight
as to be negligible. All other effects of the windmilling propeller may
be considered to be negligible, and, in particular, it is assumed that the
thrust is exasctly zero.

In order to predict the elevator deflection required to land, it is
necessary to account for the effect of the ground on the flow field in
the vicinity of the airplane. The major effects of ground proximity are
(1) to reduce the downwash at the tail, thereby increasing the angle of
attack of the tail and altering the slope of the tall 1lift curve and
(2) to alter the wing lift-curve slope by reducing the induced drag, which
in turn arises from the changed downwash.

The change in wing lift-curve slope effectively changes the wing
angle of attack by an amount

- -5 S

The factor K (ref. 3), which is the ratio of lift-curve slope near the
ground to lift-curve slope far from the ground, is shown in figure 26.
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The same factor may be used to obtain the slope of the tall 1lift curve
in the presence of the ground.

Proximity to the ground causes a very large reduction in the down-
wash at the tail, thereby requiring much greater elevator deflections to
achieve satisfactory landing sttitudes when the landing gear is of the
tail-wheel type; for an airplane with a tricycle landing gear this condi-
tion is not important except under certain special circumstances. The
downwash and wake charts presented earlier may be used here, with some
slight modifications (ref. 3), to determine downwash angles near the
ground. The procedure to be outlined is for the case of flapped wings
(however, the simplification to plain wings is obvious):

(1) Determine all geometric quantities as before (notation is shown
in fig. 27); the distance h, may be found from figure 28.

(2) From figures 29 and 30 determine h,, due to the plain wing and
he due to the flap.

(3) Determine the net value of h by the equation

h = Cp hy + Cphe (7)

(4) From the downwash charts (figs. 4 to 13) determine e by

€ = CLW[eW(x, m+ h) - e x, 2z + m - h)] +

le[}f(x, m+ h) - ep(x, 22 + m - h)] (8)

where the subscripts of € and €p signify that these values are to
be read from the downwash charts for the plain wing and flap, respectively.

(5) Add the wake corrections of figure 31 (this correction is usually
negligible for unflapped wings).

Introductory discussion of effects of center-of-gravity location.-
Of all of the variables which influence the equilibrium equation, one of
the most important is the center-of-gravity location. Flight tests have
shown (refs. 1 and 2) that for typical personal-type alrcraft a rearward
shift of longitudinal center-of-gravity location of 1 percent mean aero-
dynamic chord results in a decrease of elevator deflection required to
trim, at large angles of attack, of approximately 1.25°; thus a shift of
> percent mean serodynamic chord will change the elevator deflection by
almost T°. As will be shown later, however, this effect can be altered
by employing an elevator having a small area compared with the stabilizer
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axrea so that rather large deflections are employed to give a certain
tall-depressing moment or by employing an elevator of rather large area
so that only small deflections are necessary to produce the ssme moment
(see also the flight-test results reported in ref. 2).

Generally speaking, limits on the longitudinal movement of the center
of gravity are provided by the stability and control requirements. The
rearward location of the center of gravity is limited by the requirement
that the airplane possess at least some degree of static longitudinsl sta-~
bility. The forward location of the center of gravity is limited by the
requirement that the airplane be trimmed at or near Cr,. ., with full up

elevator. Within this center-of-gravity range the designer must provide
for satisfactory control under varying power conditions.

A large center-of-gravity travel with a given limited elevator deflec-
tion will entail a low-speed performance loss in the nose-heavy condition
because the critical angle of attack (see "Introduction") can be attained
only in the tail-heavy condition. Thus the designer would attempt to
minimize this loss by providing a small center-of-gravity travel. The
minimum speed would not be greatly affected.

The desired trim condition could be achieved with a large center-of-
gravity travel by having two or more limitations of elevator deflection
corresponding to various conditions of loading. Such a method could con-
celvably be developed through suitablé mechanical devices, and these might
well be practical even comsidering such diverse factors as economy, relia-
bility, compactness, and simplicity.

Numerical examples.- Some of the design variables which may be adjusted
in an effort to provide adequate control within the center-of-gravity range
described above are tail length, tail aspect ratio, tall incidence angle,
vertical location of the horizontal tall, and, to some extent, the vertical
center-of-gravity locstion. The effects of power are consldered in a later
section, and it is found that the spanwlse location of the elevators on the
horizontal tail is an extremely important perameter because of the very
large effect of the slipstream. The numerical examples which follow are
intended to demonstrate the effects of some of the more important of these
design variables, as well as to demonstrate the use of the data and pro-
cedures described in the preceding sections. The first numerical example
is for a typical high-wing light airplane (ref. 1), and the other is for
a low-wing light airplane (ref. 2). The geometric and aerodynamic data
for these two ailrcraft are shown in tables I and II and figures 32 and 33.

High-wing airplane: As a numerical example to demonstrate the use
of the analytical methods presented in the foregoing sections, the elevator
deflections required for longitudinal trim for the high-wing alrplane shown
in figure 32, having the dimensional and aerodynamic qualities shown in
table I, will now be calculated.

¢
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The analysis will be made for o = 15.8°, Since Qyy, = -1.2°,
Ay = 15.8° + 1.2° = 17.0°, From figure 3, a, = 0.081 and a; = 0.055.
Hence

CLW = (0.081)(17) = 1.38

This simplified procedure was used to demonstrate what might be done
in the absence of more detailed and accurate informastion. The essential
simplification here is the assumption of a perfectly linear 1lift curve;
in reality, the 1ift curve is nonlinear in the region under consideration
and therefore the value 1.38 for the 1ift coefficient is somewhat too high;
a value of 1.25 is more realistic.

The position of the one-~-quarter root chord on the body in percent of
body length is 27.35; therefore, from figure 2, Kfu = 0.008 and from

equation (2) -

Cag,, = (0.008)(3.5)2(2L. T7)(1.25) _ ¢ 036
u (180).(%.98)(0.081)

In order to determine the downwash angle it will be necessary to
interpolate for A, = 7.2. From figure 4 it is found that, for

x = {?4i25)(1oo) =80, h, = (7)(1.25) = 8.7. Then h, +m = 8.7 -

(Qigé)(loo) = k.1 so that the contour chart yields ¢g = (5.7)(1.25)

(1.03) = 7.3°, where the correction factor 1.03 has been obtained from
figure 1%. Now, from figure 5, hy = (5.0)(1.25) = 6.2 so that

h,+m=6.2 - (Qigi)(loo) = 1.6 and €y = (3.5)(1.25)(1.03) = L4.5°.
Interpolating between the two values of € Just calculated gives
€ = 6;200
T.2
The effect of the wake on the downwash angle will be neglected.

From figure 20, the elevator effectiveness factor is found to be
0.6.

It will be assumed that the dynamic pressure in the vieinity of the
tall is about 5 percent less than the free-stream dynamic pressure so
that ng = 0.95. .

A value has now been obtalned for every quantity eppearing in equa-
tion (1), except the one unknown ®g. Thus
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[1.25 cos(15.8° - 3.8°) + 0.175 sin(15.8° - 3.80)](0'33) .

.08
[0.175 cos(15.8° ~ 3.8°) - 1.25 sin(15.8° - 3.8°)]<§i92) - 0.008 +
0.036 - 0.055(15.8° - 6.2° -~ 3.8% + 0° + 0.65e)<ig—6§) (%)(0.95) =0

from which there i1s obtained

B =- 0.055 = -b.5°
(0.6)(0.0198)
This value compares favorably with the flight-test value of -l 1°

(ref. 1); however, the flight test was conducted with the propeller wind-
milling, so that factor will now be introduced into the analysis.

From figure 25, the upwash factor at the propeller is 1 + g&; = 0.8.

From equation (4),

- 6.21\ (28.3\( 1 _
[(Cm)Np]Tc==0 = (0'00165)<0'8)<180)(h.gs)(o.oal)(l'as) = 0.00k

and, from equation (5),

_ [0.055\ (25.8) {13.16\ f0.95 _
[(cm)eél 7,20 = (0.081)(180 )( 4.98)(0.07)(0°00165)(0'8)(1'25) = 0.006

Therefore,

1 (

(-0.0 0.004 + 0.006) = -3.6°
(0.6)(0.0198) 3 * * ) >

(se)Tc=0 =

This value is in close agreement with the flight-test value and is there-
fore quite acceptable. Again when comparing computed and measured eleva-
tor deflections, one should bear in mind the ideas discussed in the.
"Introduction" concerning the correlation of such results.
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The effect of ground proximity on the elevator deflection required
to trim (no windmilling propeller) will now be determined.?2

The important vertical distances 2z and dg are teken to be
z = 4.5 feet and dg = 2.5 feet. From figure 26, then, K = 1.13. The
change in wing engle of attack is, from equation (6),

oo (bl - -
so that ay = 15.8° - 1.8° = 14.0°.

To determine the downwash angle, again interpolate between figures L
and 5. For A; =6 (using figs. 29 and 30 to evaluate h),

m-h+ 2z _[_0.8 _ 9 -
___375_-—(100) = ( =5 0.028 + 18)(1.00) 42.6

so that, from the contour chart, e = (4.1)(1.25)(1.03) = 5.3°. For
Ay =9,

[L0.85 _ 9) _
" SE 0.027 + = (100) = k2.7

me-h + 22

73 (100)

so that &g = (2.5)(1.25)(1.03) = 3.,2°. By linear interpolation, then
€r.p = 4.5°. Now, from equation (8),

g = 6.2° = 4.5° = 1.7°

since multiplication by CLW hag already been performed. The wake

correction is neglected.

2If calculated results are to be compared here with values measured
Quring actual landings, the actual angle of attack at landing should per-
haps be employed in the calculations. However, since the major purpose
of thls report is to show the effects of changes in various quantities
rather than to cempare calculated and measured values, the previous value
of oy = 15.8° will again be employed. It may be mentioned that the

effect of using W and would be to increase the elevator deflection,
and, as will be seen at the end of the present computation, this would

tend to reduce the difference between calculated and measured values
(also see discussion in the following section 'Low=wing airplene").
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With the sbove values for g end eg and also

v
= (0.055)(1.13) = 0.062
Seg may be evaluated from eguation (1):
o
E.25 cos (14.0° - 3.8°) + 0.175 sin (14.0° - 3. 80:]4 98
[@ 175 cos (14.0° - 5.8°%) - 1.25 sin (14.0° - 3. 80:12 -85 _ 0.008 +
0.036 - 0O _ 770 _ % g0 25.8) 13. 16)
T (0.062)(1k4.0 1.7° - 3.8° + 0.653)(180 (u 55 (0.95) =
From this there is obtained
-0.112 o -
8 = = -8-l|-
g (0.6)(0.0222)
| 4

In order to make a comparison with the flight-test value of —10.10,
the effect of the windmilling propeller as corrected for the effect of
the ground on the wing lift-curve slope should be added. Thus

1 0.004 |, 0.006 o
5 = -0.112 = 7.6
( eEJTc=0 (0.6)(0.0222)( * L3 L33 ) 7

Low-wing alrplane: As a second numericel example to demonstrate the
use of the anaslytical methods presemted in the foregolng sections, the
elevator deflection required for longltudinal trim for the low-wing air-
plene shown in figure 33, having the dimensional and aerodynemic gqualities
shown in table II, will now be calculsated.

The snalysis will be made for o = 17.5° (ref. 2). Since
ap, = =4.2%, ag = 17.5° + 4.2° = 21.7°. From figure 3, &y = 0.072
and ay = 0.07l. EHenced

Lw (0.072)(21.7) = 1.56

3The only aveileble Information seems to indicate that the lift
curve is linear up to this angle of attack.
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The position of the one-quarter root chord on the body in percent
of body length is 28.8; therefore, from figure 2, Kg, = 0.01 and, from

equation (2),

2
- (0.01)(3.33) (27.2)(1.56) _ 4.
g (290)(7.5)(0.072) 0%

In order to determine the downwash angle it will be necessary to
extrapolate for Ay = 5.5. From figure 4 one finds, for

X = (%%)(100) =92, Iy = (7.5)(1.56) = 11.7. Thus Iy +m = 11.7 +

<-§—-2)(1oo) = 24.3 50 that the contour chart ylelds e, = (4.8)(1.56)

(1.08) = 8.1°, where the correction factor 1.08 has been obtained fram
figure 14. Now, from figure 5, hy = (5.5)(1.56) = 8.6 so that

by +m = 8.6 + (%5592)(100) =2l.2 and eg = (3.0)(1.56)(1.08) = 5.0°.
Extrapolating from these two values of € Just calculated gilves
€ = 8.6°.
2.5
The effect of the weke on the downwash angle will be neglected.

From figure 20, the elevator effectiveness is found to be 0.56.

It will be assumed that the dynamic pressure in the vicinity of the
tall is gbout 5 percent less than the free-gtream dynemic pressure so
that Mg = 0.95.

A value has now been obtained for every quantity appearing in equa-
tion (1), except the one unknown 8. Thus

1.56 cos (17.5° - 2.0°) + 0.197 sin (17.5° - 2.00)(0.161) +

E).197 cos (17.5° - 2.0°) - 1.56 sin (17.5° = 2.o°)]

(o]

0.030 = 0.071(17.5° - 8.6° = 2.0° - 0.5° + 0-%%)(2;65 (—5-'%(0.95) =

from which there is obtained

= ~0.143 = -9.20
(0.56)(0.0278)

Be
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The effect of the windmilling propeller will now be considered. From

figure 25, 1 + %ﬁ; = 0.85. Fram equetion (4),

[(cm)NI;] 1,0 = (0.00165)(0.85)(2525)(%53)(O 072)(1 56) = 0.005

and, from equation (5),

[cm) ;l T, =0 0_5%)(%52)(1'6( 2)( )(0 00165)(0.85)(1.56) = 0.012

Therefore

L o
B (-0.1 0.005 + 0.012) = -8.1
( e)'l’c=0 (0.56)(0.0278)" 43+ > * )

This result is in reasonably close agreement with the flight-test value
of -10.5° (ref. 2).

The effect of ground proximity on the elevator deflection required
to trim (no windmilling propeller) will now be determined. Before per-
forming the computation, however, a comment concerning the landing char-
acteristics of this alrplane is In order. The airplane is go deslgned
that the attitude of the wing with respect to the ground, when the air-
plane 1s at rest, is 11° (includlng the 2° incidence angle). This is
in contrast with many light aircraft, with conventlonal-~type landing
gear, for which the wing attitude at rest is very nearly the angle for
meximm 1ift (see footnote 2). Therefore, it will be assumed, for pur-
poses of the following computations, that the flight path of the elrplane
is parallel to the ground and that the airplane is in landing attitude
so that oy = 11°. The wing lift coefficient at this engle of attack

ig teken as 1.08 and the wing drag coefficient, as 0.095.

The lmportant vertical distances z and dg are teken to be

3.8 feet and 4.5 feet, respectively. From figure 26, then, K = 1.13.
The change in wing angle of attack due to the presence of the ground is,
fram equation (6),

Aoy = <]5 332)(1 13 l) =-L7

50 that oy, = 11.0° - 1.7° = 9.3°
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To determine the downwash angle, again extrapolate from figures L
and 5. The downwash angle without ground effect and then with ground
effect must first be computed in order to take the difference as required
by equation (8). Thus, for Ay =6, it is found first that hy = (7)

(1.08) = Then hy +m = 7.6 + -—2)(100) 20.2 so that the con-

tour chart yields €¢ = (4.9)(1.08)(1.08) = 5. 7 To include the ground
effect one has (evaluating h from fig. 29)

2o 2t 22(100) = (___2-5 - 0.022 + 7—'-6—>(100) =148.6
b/2 19.9 19.9

so that the contour chart ylelds e, = (3.7)(1.08)(1.08) = 4.3°. There-
fore, by equation (8), Sy = 5.7 = 4.3 = 1.4°,

L]

For Ay =9, = (5.5)(1.08) = 5.9. Then h,+m =5.9 +
gl9 9)(100) = 18.5 so that the contour chart yields ¢ (3.1)(1.08)
1.08) = 3.6°. To include the ground effect (evaluating h from fig. 30),

]

m - Iy + 22 - (2.5_ _ o, '2-6) =
T(lOO) <19.9 0.020 + 195 (100) = 48.8

S0 that the contour chert yields eq = (2.3)(1.08)(1.08) = 2.7°. There-
fore, by equation (8), €9g = 3.6 = 3.1 = 0.5°

By extrapolation, = 1.50. Corrections due to the weke have

€5.5¢
again been omitted.

With the above values for ay and e€g and also
g

= (0.071)(1.13) = 0.080

equation (1) mey be evaluated:

[;.08 cos (9.3° - 2.0°) + 0.095 sin (9.3° - 2_002](0.167) +

E).095 cos (9.3° - 2.0°) - 1.08 sin (9.3°

1
l\)
O
2
L1
/‘\

.20 2;0 0.080(9.3° - 1.5° - 2.0° - 0.5° + 0. 565e)<2—2 (——8)(0 95) =

\0
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From this there is obtained

Be = -0.146 = -8.3°
€ (0.56)(0.0314)

In order to mske a comparison with the flight-test value, the con- |
tribution of the windmilling propeller should be added (corrected for
the effect of the ground on the wing lift-curve slope). Thus

(ﬁe ) 1 [Eo.1h6 . (0.005)(1.08) + (0.012)(1.08?] = 7,70
8/T,=0

- (0.56)(0.0314) (1.13)(1.56) (1.13)(1.56)

Th%s result is in excellent agreement with the measured value
of -6.5°.

Power On

Introductory remarks.- It mey be well to emphasize at this time
that the effects of running propellers on the longitudinal stability
characteristics are exceedingly complex. The flow along and around the
fuselage and in the vicinity of the tall is difficult to evaluate from
theoretical considerations and therefore wind-tunnel tests of powered
models are usually resorted to In order to determine the stability char-
acteristics. The light-plane designer is not often in a position to
have such tests performed and therefore must employ what analytical
methods are availsble, however meager they may be. Consequently, the
analytical methods that are avallable are either very simple approxima-
tions or have been developed by means of semiempirical analyses. Unfor-
tunately, the information of this type that is availsble does not appear
to be directly applicable to light-aircraft design, and the analyst must
therefore be content with methods which may offer to him a result valid
only in the first approximation.

An attempt has been made, in the sections which follow, to present
only those simple formulas and other data which appear to be wvalid for
light aircraft. Elevator deflections required for longitudinal trim for
several different cases, involving two different light aircraft, have
been calculated by the methods presented and all agree well with deflec-
tions measured in flight; therefore, this may comstitute a justification
for the inclusion of such simplified and approximate methods. The
designer is cautioned, nevertheless, that indiscrimate use of these
methods may not be satisfactory.
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Direct effects of power.- The applicatlion of power contributes
directly to the equilibrium condition through the forces created by the
propeller and indirectly through the effects of the slipstream on the
wing and teil surfaces. The present discussion will be concerned only
with the direct effects of power application.

Defining the forces and dimensions as shown in figure 3L and
defining the thrust and normal-force coefficients as

(9)

the contribution of the direct power effects to the equilibrium equation
is (for small angles of thrust-line tilt)

2
Cmy = To Szaw@p - fip)n + o, S—ilg_;(zp + ghp)n (10)

The thrust coefficient T, is given by

1/2
_ B(550)0 " mp

W 5/2D2
(SWCLW

where the propeller efficiency Tp may be obtained from figure 35

(ref. 6). The activity factor, used in figure 35, is defined as (for
a propeller having i blades)

hz. = 5(6,250) [ 120 (@) (12)

and usually has a value of from 1350 to 300. The parameter Cpy, also
appearing in figure 35, is :

(11)

c

Cpx = cP/x (13)

where the power coefficient Cp 1s given by
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P

3 5
o(ae) ()
1,000/ \10

The advance ratio J 1is given by

J = 60V/ND (15)

If propeller charts are avallable for the proposed design, they
should be used to determine Tp in preference to figure 35.

The normel-force coefflcient may be written in the form

dc Cc
CNP = [N 1+ %G_)_& (16)
daep /s Qggf By
which includes the effect of the upwash field ahead of the wing. This
equation is identical with equation (&) for the windmilling propeller -

(eside from s moment arm and certain nondimensionalizing q_ua.ntities)

B
value of thrust coefficient T, involved, insteead of for T, = 0. This

is accamplished by means of charts developed in reference 9 and presented
here as figures 22 to 2. These figures msy also be used for a better
estimate of the normal-force coeffliclent in the case of a windmilling

de

propeller. The factor 1 + a—c.—‘; is evaluated fram figure 25, as before.

ac
except that the derivative <d——1-v-) is to be evaluated for the particulear
b

The use of figures 22 to 24 involves a new quantity dependent upon
the propeller geometry, the "side-force factor." The propeller side-
force factor, which 1s very similar in form to the activity factor men-
tioned earlier, 1s expressed as

l‘o
Propeller side-f factor = b g1 - + 25°) 4(&
ropeller side-force factor = (3,125) /;.2 o 8in <B 30.753 5 ) (R)

(17)

An approximete evaluation of this fgctor may be made according to the
formula (ref. 10)

8.F.F. = 525(%)0.33 + 525(%)0.63 + 270(%

N
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Indirect effects of power.- In addition to the direct forces Jjust
discussed, the running propeller produces meny indirect effects as a
result of the interaction of the slipstream with the horizontal tail and
the wing. The indirect effects are no less important than are the direct
effects, and in many cases they are more important; they are, however,
exceedingly complex in nature and are therefore difficult to account for
accurately. Some of the more important of these indirect effects are:

(a) Increase in wing lift due to the slipstream over a portion of
the wing

(b) Change in wing moment coefficient due to the slipstream

(c Change 1n the downwash at the tail due to the slipstream

(d) Increase in dynamic pressure at the tall due to the slipstream

The increment in wing 1ift coefficient due to the slipstream over
e portion of the wing may be estimated from the equation (ref. 9)

ey D2
K1, = 0-5TTe,Cr 5 ()

The increment in wing moment coefficlent due to the slipstream over
a portion of the wing may be estimated from the equation (ref. 9)

2y
Siry a
Koy = (moc)y o, S:i 2T+ [(%)wf]o oLy (20)

In equation (19), cy is the wing chord at spanwise station 0.75R
from the airplane center line. The subscript O in equations (19) and

(20) refers to power-off conditions. The derivetive (K%%m> :] in

. . L 'Wf
equation (20).may be obtained from the power-off analysis given earlier
by omitting the contribution of the tail or it may be obtained from wind-
tunnel data, if available; the subscript wf designates wing-fuselage
combination (i.e., no tail).

The effects of the slipstream on the downwash and dynamic pressure
at the tail probably constitute the most important of the power effects;
but they are also the most difficult to evaluate. There seem to be
avallaeble several analyses for determining the downwash and dynamic pres-
sure with running propellers.

One of these is based on a theoretical analysis of an isolated
running propeller. The increment of downwash at the tall due to the
running propeller may be expressed in the simple form (ref. 10)
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ac |
= JA+3B ——ﬂ) Ly (21)
N Kdmr IJ To=0 =

where A and B are functions of the thrust coefficient, as glven in
figure 36.

The dynamic pressure at the tall is obtained from this elementary
theory by considering the talil to be far behind the propeller; thus

8

Mg =L +3Te (22)

The other methods (see, e.g., refs. 9 and 11) generally involve
the use of semlempirical data obtained from wind-tunnel tests of powered
models. The test results used in the analyses were for high-performance
fighter~type aircraft; however, it was thought that the results of such
analyses might be spplicable to light aircraft as well (ref. 9, p. 14)
in view of certain correlastions of thrust coeffliclents for personal-
and fighter-type aircraft. Computetions for elevator deflection required
to trim by the method of reference 9 do not agree with aveileble flight-
test values for the asirplanes considered in this report and, therefore,
the applicablillity of this method to light aircraft is subject to consid-,
erable doubt. Although no computations were made using the method of
reference 11, it, too, is semiempirical in nature and 1s based on tests
of powered models of rather high performance alrcraft and therefore msay
not lead to relisgble results for light aircraft.

Additionally, since the effects of power on longitudinal trim char-
acteristics cannot be accounted for in a compleiely rational manner, it
is doubtful that these methods, with theilr increased complexlty, can
offer any advantage over the simplified method of reference 10.

One must consider, however, only those portions of the horizontal
stabllizer and elevators that are immersed in the slipstream, and these
will depend upon the spanwise location of the elevators on the horizontal
tail and upon the vertical location of the horizontal tell. There is
little information svellable as to the shape and location of the slip~
stream in the vicinilty of the tail plane; the computetlions of thls report

are based on the assumption that the slipstream remains cylindrical.l+

bmnis assumption, although neglecting the "swirl" of the slipstream,
effect of wing downwash on the slipstream, and so forth, seems to glve
results, at least for the present analysis, which are in fairly good
agreement with experiment (see ref. 11, p. 19, for same additional
comments).
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Further considerations of power-on 1lift and moment coefficients.-
Tilt of the propeller thrust axis produces no appreciable change in
downwash (for small angles of tilt); however, there is a noticeable
change in 1ift coefficient given by ‘

Moy, = Te S—ZZE— sin o (23)

The total 1lift coefficient is thus given by the power-off 1lift
coefficient plus the contributions of equations (19) and (23). Since
the thrust coefficient varies with 1lift coefflcient, the following iter-
ation procedure is recommended:

(1) Evaluate ACy by equation (19).

(2) Evaluate AC by equation (23) with T, corresponding to
Lp c :

(CLw:E')o + 007, -

(3) Evaluate AC by equation (23) with T, corresponding to

Ly o]

C + ACr + (AC wh L0 is the value obtained from
< wa)o Lo ( Ip>2’ ere ( 19)2 e ed fr
step (2) ebove.

(4) The final 1ift coefficient is given by (Cwa)o plus ACLW
from step (1) plus ACIP from step (3).

The final power-on wing-fuselage pitching-moment coefficient is
given by

Cne = (Omg) o + Omp * A0my (2%)

The terms Cp, &nd ACp, are found from equations (10) and (20), with
values of T, based on. (Cr-wf) from step (4) of the procedure given
P

above.
The camputation of the power~on tailil pitching-moment coeffilcilent

conslsts merely of adding the ilncrements produced by the altered down-
wash at the tall and increased tail effectiveness to (Cm'b>o'
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The final power-on complete pitching-moment coefficient is given
by .

CmP - (cmWf)p * (c'mt)p (25)

Inasmuch as

(CLt)p - T WE (26)

the complete power-on lift coefficient may be formed by adding this
result to that from step (4) of the procedure glven sbove.

Introductory discussion of effect of thrust-line location.- A
detailed enslysis of the effect of tilting the thrust axis (ref. 11)
has shown that downward tilt willl reduce the destabllizing effects of
power by a significant amount. Tilt affects the direct propeller forces
but is less important in causing changes in the indirect effects (ref. 9,
p. T)}. Thus, the effects of tilt are easy to estimate and msy prove to
be a significant design variable for use in obtaining desirable trim
characteristics.

<!

The effect of vertical location of the thrust axis with respect to
the airplane center-of-gravity location is & most important parameter.
The destebilizing effect of power application may be altered very effec-
tively by shifting the vertical location of the thrust axis; this may
be accomplished, obviously, by tilt as well as by actual vertical shifts
since tilting will change the moment arm between the center of gravity
and the line of action of the thrust.

Numerical examples.- The numerical examples which follow are intended
to illustrate the methods of analysis outlined in the preceding section
for power effects and to demonstrate the effects of changes in the various
design variables on longitudinsl trim characteristlcs.

The two alrcraft studied previously for power-off flight wlll now
be analyzed for power-on flight. The geometric and aerodynamic data for
the two aircraft are shown in figures 32 and 33 and tsbles I and II.

High-wing airplane: For purposes of comparlson with the power-off

gnalysis, the computations for the high-wing airplane which follow are
based on oy = 15.8°. The flight conditions are taken to be

P = 49.5 bhp at 3,000-ft altitude and 2,000 rpm

V = 63 fps -
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From equation (12) the activity factor for the particular propeller
is

AF. = 2(6,250) 1.0.(2)5(2) d(£> ~ 217
0.2 B/ \D/ AR

From figure 35, X = 0.25, and, from equation (1L),

49.5
cp = 1,000 5 = 00418
(2)(0'951)<%f%§%> ({%)
so that
Cpyg = 06?2;8 = 0.167
and also

(0p) /7 = 0347

From equation (15),

(60)(63)

= i = 0,31
(2,000)(6) 2
so that
g =09:315 - 0,908
1/3 0.347 ?

(%)

Using these values, one finds, from figure 35, Tp = 0.61. Now
may be computed from equation (11) as

T, = (u9.5)(550)(o.002176)1/

3/2
(2)(1,050) 2
—_— (6)
(180)(1.25)

TCA

2
(0.61) _ 0.7hk
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The increment in wing lift coefficient due to the sllipstream 1s
estimated from equation (19):

o i (0-57)(0-7h4)(1.25)<§f§g)(%ga) = 0.112

so that

Cp, = 1.25 + 0.11 = 1.36

Now, from equation (11),

_ (u9.5)(550)(0.002176)1/2(0.61)

5/2
(2)(1,050) (6)2
(180)(1.36)

so that, from equation (23),

Te = 0.855

6 2
(ACIP)z = (0.855)£%%é6%—-sin (15.8° - 3.8°) = 0.071

Now

CI?_ =1.25 + 0.11 + 0.07 = 1.43

so that

T o= (h9.5)(550)(0-ooé176)1/2(o.61)

es = 0.925
(2)(1,050) 5/2(6)2
(180)(1.43)

and therefore

(Aclb)5 (0.925) (180) gin 12 0.077

Now

(CLW)P = 1.25 + 0.11 + 0.08 = 1.4}
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Because this value is so near to CIQ: no further iterations for T,

are necessary.

In order to evaluate the quantity Egg s iIn the &bsence of
acy, el o

wind-~tunnel data, the results of the power-off analysis presented ear-
lier may be utilized in the following approximate manners:

At CLw 1.25 there was obtained for Qmwf

)

o o o o) 0.33
Cogrp El.25 cos (15.8° - 3.8%) + 0.175 sin (15.8° - 3.8 i]<4_98> +

[0.175 cos (15.8° - 3.8°) - 1.25 sin (15.8° - 3.8°)](12+'§58> -

0.008 + 0.036
0.061

At Cp_=0, where Cp_=0.010 and o = -1.29,

Coup = E? 010 sin (~1.2° - 3. 8°i]<E—2%> + [é;OlO cos (-1.2° -

3. 8°i]<2 85) - 0.008 = =0.002

Therefore, approximately,

40 0.061 - (-0.002) - g.q
L 50
Kmvjo 1.25

Now the increment in wing moment coefficlent msy be evaluated from
equation (20):

2
ACp . = (-o.ooS)EE:SZ; Ei82§ (i)fo 925) + (0.050)(0.112) = 0.002

In order to evaluate Cmp and thus obtain the complete wing~fuselage

power~on pitching-moment coefficient, the propeller normal-~force coeffi-
cient CN@ must first be found.
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From figure 22, using B = 28° at 0.75R, it is found thst

[Kg§§Zj = 0.00201/deg
Hem Std

From figure 235, with the propeller side~force factor from equation (18)
as

S.F.F. = 525(0.0555 + 0.0694) + 270(0.039) = 75.5

(dCN)
me 0

@)....

<§§¥)O = (0.935)(0.00201) = 0.00187 2

it is found that

= 0.935

or

From figure 2k, with T, = 0.925,

o)
dag D _

or

ch)
—=] = (1. 0.00187) = 0.002
(2 | = (1:55)(0.00187) = 0.0029

Also, from figure 25, 1 + %i; = 0.80. Using equation (16), there is

obtained

Cy, = (0.0029)(0.80)(15.8) = 0.0367

JCompare this value with the value of 0.00165 used for the power-off

(windmilling-propeller) analysis.

w
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The moment contributed by the direct power effects may be evaluated
from equation (10), using the values obtained sbove and certain of those

listed in table I:

) (2)(6)° . (28.3) _
Cp = (0‘925)(180)(uf98)( 0.85)(1) + (070367)23553?ZT§§7(6'21)(1) 0.056

Thus, from equation (24),

(mef)p = 0.061 - 0.056 + 0.002 = 0.007

The contribution of the tail to the equilibrium equation must now
be evaluated by determining the power-on downwash angle ard tail dynamic
pressure. From figure 36, A = 0.35 and B = 0.225. Introducing these
values into equation (21) -gives

€p = [@.35 + (0.225)(0.00187i](15.8) = 5.53°
From equation (22),
nt=l+(_8)_(.i_'9£).=3,35

From equation (1), then,®

(%me) 5

(~0.055)(15.8 - 6.2 - 5.5 - 3.8 + 0 + o.6oae)(29;9><l§:l§>(3.55)-+
180 /\k.98

(-0.055)(15.8 - 6.2 - 3.8 + 0.5956)<%§§>(%é§%§)(1.0)

-0.043 - 0.0358¢

The elevator deflection required for trim may now be calculated
using equation (25):

0 = 0.007 - 0.043 = 0.035%¢

or
8e = =1.0°

which agrees very well with the flight-test value (ref. 1).

6Considering only a portion of the horizontal tail equal in span to
the propeller dismeter to be immersed in the slipstream.
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Low-wing airplane: For comparison with flight-test results (ref. 2)
the analysis for the low-wing airpleme will be made for og = 14.5°. The

other flight conditions are taken to be

P = 178 bhp at 3,000-ft altitude and 2,250 rpm

V = 65.7 fps
(CLW‘)O = 1.35
(ch)o = 0.138

From equation (12) the activity factor for the particular propeller
is

1.0

AF. = 2(6,250)]n
0.2

From figure 35, X = 0.25, and, from equation (14),

178
Cp = %,000 5 = 0.0346
(2)(0.951)(32—25—9) (1—5)
1,000/ \10
so that
Cpy = 20346 = 0,138,
0.25 -

and. also

(0p) /2 = 0.526

From equation (15),

(60)(65.7)
= = 0.234
(2,250)(7.5) >
so that
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Using these values, one finds, from figure 35, = 0.520. Now

p

To, may be computed from equation (11) as

A
T, = (178)(550)(0.002;;5)1/2(0-52) = 0.823
[(2)(2,700)] (7.5)2
(290)(1.35)

The increment in wing 1lift coefficlent due to the slipstream 1s
estimated from equation (19):

) 7.5\(1.5)° _
acy, (0.57)(0.825)(1.35)(7.5>(290) 0.123

so that

Cry = 1.35 + 0.12 = 1.4

Now, from equation (11),

Te = (178) (550) (0-.002176) /2 (0.52) = 0.945

5/2
(e)(2,700):] (7.5)2
(290)(1.47)
so that, from equation (23),

2
(AC ) = (o.945)£§l£1422— sin (1.5° - 2.0° - 5.0°) = 0.0478
In/ 5 (290)

Now

CIQ = 1.35 + 0.12 + 0.05 = 1.52

50 that
_ (178)(550)(0.002176)1/2(0.52)

. = 0.997
2
CICREON AP
(290)(1.52)
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and therefore

2
(ACl-p)5 (0'997)(2()g96)) sin 7.5° = 0.0505
Now

(Clw)p = 1.35 + 0.12 + 0.05 = 1.52

ac
In order to evaluate the quantity [:(a-c—m> } , 8n approximate pro-
Liwt
: 0

cedure based on the power-off analysis will again be used.

At CLW = ]_.35
Cpp = [1-55 cos (14.5° - 2.0°) + 0.138 sin (14.5° - 2.003 <071§I) .

[0.158 cos (14.5° - 2.0°) - 1.35 sin (11;.50-2.0011 (—?-g l) -

0.031 + 0.030
= 0.029

At Cy._ =0, where Cp_= 0.015 and = <4.29,
Lar Dy ar

Coer = (0-015)<9:71_"—51) sin (-4.2° - 2.0°) +

(o.ow)(-‘-f’{—'-;}—l) cos (4.2° - 2.0°) - 0.03L

= -0.031

Therefore, approximately,

[(gcﬂ - 0:029 - (-0.031) _ 4 g
80 )uel o 1.35 |
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Now the increment in wing moment coefficient may be evaluated from
equation (20):

2 : )
= =0, \(7'5) (8'5) § . . . = =0,
Ay, = (-0 051,(7'5) (250) (ﬂ)(o.997) + (0.04k)(0.123) 0.012

In order to evaluate Cmp and thus obtain the complete wing-
fuselage power-on pltching-moment coefficient, the propeller normal-

force coefficient CNP must first be found.

From figure 22, using B = 30° at 0.75R, it is found that

{§§QH>:] = 0.00218/deg
“1/0| Bemn Sta

From figure 25, wlth the propeller side~force factor from equation (18)
as

S.F.F. = 525(0.1112) + 270(0.0445) = 70.5

(ch)
Qo o

[E.

(‘m_N> = (0.875)(0.00218) = 0.00191"
0

= 0.875

or

doup

From figure 24, with T, = 0.997,

da,
jS) = 1 5
(dCN>
d
- % /g
- 7Again compare value with the value of 0.00165 used for the power-

off analysis.
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or
dac
(-—E) = (1.58)(0.00191) = 0.00302
duT b
Also, from figure 25, 1 + %&; = 0.85. Using equation (16}, there
1s obtained

Cyy = (0.90302)(0.85)(1u.5) = 0.0372

' The moment contribution of the direct power effects may be evaluated
from equation (10), using the values obtained ebove and certain of those

listed in teble II:

- .“@x%ﬂz s _ (5 \(s.
mp = (0 997)(29o)<7-5)[%O = <57-5)< 33{] :

_(h.3) g, 2 \(-0.
(0.0372)(290)(7‘5) 33 + (57-5)( 0.25)

= «0.04k4
Thus, from equation (24),
(Qmwf)p = 0.029 - 0.0k - 0.012 = -0.027

The contribution of the tail to the equilibrium equation must now
be evaluated by determining the power-on downwash angle and tail dynamic

pressure as outlined previously.8 From figure 36, A = 0.36 and
B = 0.22. Introducing these values into equation (21) gives

€p = [§.56 + (0.22)(0.001915](1h.5) = 5.20

From equation (22),

t=1+w“?”ﬂ=3a+

In order to calculate the contribution of the tall to the moment-
coefficient equation, the power-off downwash angle for the conditions

8Again, these values apply only to that portion of the horizontal
tail immersed in the slipstream, which has been taken as equal to the
propeller diameter in these computations. Note that, for this ailrplane,
much of the elevator area lies outside of the slipstream.
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of this example is needed. By methods used earlier, it is found that
€ = T.4°. Thus .

~0.07L)(14.5 = 7.k = 5.2 = 2.0 = 0.5 + 0.4364)(18:Q l§4§9 .54 +
(=0.071)(1k.5 = Tk = 5 5 4+ 5e)<290)(7.5 (3.54)

L}

(Cus),

_ _ _ L - \(35.5 16.8)
(-0.071L)(14.5 - 7.4 - 2.0 = 0.5 + o.625e)<29o )<?:§- (1.0)

L}

-0.0688 - 0.02718¢

The elevator deflection required for trim may now be calchlated from
equation (25):

0 = -0.027 = 0.0688 - 0.0271d¢

or

Be = =3.5°

which compares well with the flight-test value (ref. 2) of ~1.0°.
RESULTS AND DISCUSSION

It has long been known that the elevator deflections required to
trim in power-off flight at low speeds are usually greater than those
required for power-on flight and that those required for landing are
even greater. The flight tests of references 1 and 2 provided some quan-
titetive information on the elevator deflections required, under varying
conditions, for several light alrcraft.

If the objective is to deslign an aircraft which has adequate lateral
control in low-speed flight, and the method of achieving this objective
1s to maintain the elevator deflection within the greatest value that
will still result in satisfactory lateral control characteristics, then
the requirement for at least a nearly constant elevator setting for longi-
tudinal trim, under all conditions of power setting and center-of-gravity
location, becomes a most stringent one. The designer may, however, be
able to meet this requirement by altering certailn design parasmeters. The
actual realization of this objective has been achieved in flight tests
with a particuler airplane (ref. 2).

To provide some quantitative information concerning the effects of
changes in some of the more important design variables, the results of
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a number of computations for elevator trim angle for various conditions
are shown in tables TIII to VI. The airplanes used for these studies are
the same two that were used earlier as examples of the analytical proce-
dures. All computations have been performed in a fashion simllar to
that of the deteiled examples presented earlier.

Variation of design parameters independently for power-on conditlons.-
Each airplane is first ‘subjected to a basic analysis. The effects of
windmilling propeller and ground proximity are accounted for, and then
some of the more Ilmportant design parsmeters, such es center-of-grevity
location, horlzontal teil locatlon, elevator srea, and tail length, are
varied. The effect of altering the wing from high-wing to midwing and
low-wing positions is also shown. It should be pointed out that the
changes in the deslgn parameters used to obtain the results shown ere
often exaggerated so as to bring ocut clearly the resulting change in the
elevator deflection required to trim. For the power-on studies the
important parameters are center-of-grevity location and orientation of
the thrust axls. BSome results are given for the low~wing airplane with
flaps deflected.

In cases where flight-test results were avallable, they have been
campared with the calculated elevator deflections; these comparisons are
shown in table III and figure 37. It has heen stated previously that a
correlation between measured and calculated velues of #4° would be con-
sidered acceptable, and it masy be seen fram figure 37 that the results
are in very good agreement.

In teble IV there are presented the resulis of many computations
which are intended to show the quantitative effects of changes in various
design parameters as discussed above. Results are given for both power-
on and power-off conditions for the two alrplanes under consideration.
This type of quantitative information msy be of some use to deslgners
when considering the effects of design changes in their particular con-
figuration in attempting to provide for a minimum difference in trim
between power-off and power~-on condition.

TLooking first at the power-off results, one sees at once that the
most effective factors which mey be employed to reduce the elevator
deflection required to trim are those which relate the locatlon of the
tail to the wing wake. Additionally, the tail incldence angle is an
important factor as is the longltudinal location of the center of grevity.
From these results alone it would appear thet the midwing configuration
is more favorable in this regard than is either the low- or high-wing
configuration (this point will be discussed in more detail in s later

paragraph).

For the power~on results the most important parameters are tail
incidence angle, longitudinal center-of-gravity posiltion, and thrust-~
line orientation.
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BEffects on trim of spplying power with changes in verious design
parameters.- In taeble V there is presented a comparison of calculated
and measured effects of power on the elevator deflection required to
trim. Unfortunately, only a few comparisons are possible because of the
scarcity of data; nevertheless, one sees immediately that the methods
of this report are adequate for predicting such results.

When such comparisons are made, several points should be kept in
mind. First, the measured values should be considered to be accurate
only to within about #1°. Since the values in the teble refer to differ-
ences of measured values, it is very possible that the errors may be
cumulative so that here an accuracy of +2° in the flight-test values is
about all that masy be expected.

The results for the high-wing alrplane are especially good if one
considers the fact that the one poor comparison for this sirplane (rear-
ward center-of-gravity location) wes also the case that exceeded, by a
small amount only, the limit of acceptable correlstion for the power-off
analysis (teble III and fig. 37). Also, some of the experimental data
for this particular case appear to be out of line with the data for the
other cases. Therefore, one need not be unduly concerned with the magni-
tude of the discrepancy observed in this instance.

The wing angle of attack for each case used in the comparison should
be carefully noted. The elevator deflection angles obtained from flight
tests (given in teble III) correspond, in each case, to those obtained
at the "critical" angle of attack, that is, the maximum angle of attack
for satisfactory lateral control (refs. 1 and 2). For the high-wing air-

plane the flight-test values9 obtained were ow = 15.2° with power on

and 15.8° with power off. For all corresponding calculations the wvalue
Uy = 15.8° was used. The discrepancy is slight, in this instence, and

should not have an excessive effect on the comparison between calculated
end test results. However, for the low-wing airplane oy = 14.5° with
power on and 17.5° with power off with flaps up, end oy = 17.0° with
power on and 13.0° with power off with flaps down for the flight-test
values. Therefore, a direct evaluation of the effect on trim of power

1s not available from flight tests with which the calculated values may
be compared; however, an attempt has been made to determine from the
avalilable deta the appropriate values, holding angle of attack constant.
The comparison shown for the low-wing airplene in teble V is made on that
besis.

It would appear then that the effects of power may be accounted for
adequately for use in preliminsry design.

9Average values over the span.
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In order to assist the designer further in estimating the effects
of changes in various design parameters on the trim conditlons, with
power off and power on, additional numerical studles are presented in
table VI. In this table calculated values of elevator deflection required
to trim are shown for propeller-off, propeller-windmilling, and power-on
conditions. The calculations have been carried out using a constant
angle of attack so as to obtain results which show only the effects on
trim of applying power. For the high-wing airplane oy = 15.80; for the
low-wing airplane ow = 17.5°. Thus, this table constitutes a rather

complete survey of the effects on trim of applylng power.

The designer would normally wish to have the trim characteristics
of the airplane such that the difference in elevator deflection required
to trim with power off and power on is zero, or very nearly so. The
results of table VI provide much information concerning the possibility
of achieving the objective. It may be noted immediately that maeny of
the design parameters that seemed promlsing when considered for the
power-off or power-on condition alone are no longer so promising. The
elevator area does, however, seem to be important; but perhaps even more
important in this regard is the spanwise location of the elevator, that

1ls, the degree of immersion in the slipstream.lo In particular, all
factors which have to do with the location of the taill with respect to
the slipstream and wing wake are of primery importence in achieving the
stated goal. The orientation of the thrust line remains an important
parameter, as would be expected.

One may question why the midwing configuration appears to be better
than either the high~ or low-wing configuration for the results shown.
The answer lies in the location of the horizontal teil with respect to
the wing wake. In the two extreme conditions the tall lies at the wake
edges, while in the midwing case it happens to fall squarely within the
weke and thus the maximum benefit of the downwash is achieved. Thus, it
appears that the relative locations of the horizontal tail and wing should
be carefully considered in preliminary design. The dynamic pressure at
the tail, which also Influences the tail effectiveness, depends grestly
on the relaetive locations of the wing and tail (fig. 21).

In a further attempt to study these results, one might try to com-~
pare the results for the high-wing and low-wing airplanes as shown in
table VI. Such a comparison is not useful in this case because the
parameter employed is a difference in elevator deflection; quite clearly,
this must depend on the particular configuration of the elevator, espe-
cially as regards area, spanwlse location, elevator aspect ratio, and so
forth. The low-wing airplene used in these examples (fig. 33) has a

10p1ight investigations dealing with this point are reported in
references 2 and 12.
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rather narrow chord elevator placed, for the most part, outboard on the
horizontal stebilizer so that large deflections are required, relative
to the wide inboard elevators of the high-wing alrplane (fig. 32).

General remarks and design recammendations.- The results of an
interesting flight investigation of the effects of various design modi-
fications on the qualitative flight characteristice of a light airplane
are presented in reference 12. One of the most significant of the modi-
fications employed was that of a limitation of the up-elevator deflec-
tion; the deflection could not be limited to such an extent that the
alrplane was made stallproof because of the elevator deflection required
for landing with a tall-wheel-type landing gear; however, the airplane
was mede spinproof. The other modifications included changes in wing
incidence angle, wing weshout, area and aspect ratio of the tail, tilt of
the thrust axis, and locatlon of the elevators with respect to the slip-
stream. The general performance characteristics of the airplane were
only very slightly impaired by the modifications employed.

If such modifications could be incorporated in the preliminary
design stage, there is no reason to doubt that any adverse effects on
performance could be eliminated almost entirely and, even more important,
that longitudinal trim characteristics could be obtained such that a
single limitation of up-elevator deflection would provide adequate low-
speed lateral control under all conditions.

Although the effect of power on the elevator angle required for
balance can be essentially eliminasted by choosing certain combinations
of design parameters, the conditions will apply strictly to only one
center-of -gravity location. Since the rearmost center-of-gravity loca~
tion 1s critical in that it requires the lowest maximum up-elevator
deflection, the minimum speed will be somewhat higher for the most for-
ward center-of-gravity location. In addition, a three-point landing
requires a greater up-elevator deflection with the forward center-of-
gravity location. In designs for certain purposes, such as personal
transportetion, it is often possible to minimize these conditions to the
point where they are unimportant by (l) using a tricycle landing gear
which eliminstes the necessity for a three-point landing and (2) arranging
for a small range of center-of-gravity positions by keeping all varieble
loads near the center of gravity. If it is necessary that the varisble
load have a large fore-snd-aft distribution end a large center-of-gravity
travel cannot be avoided, it is possible to use automstic means to gilve
different meximum elevator deflections for different loads. The condi-
tion cen be minimized also by use of a lerge horizontal tell surface.

It is very difficult to prescribe well-defined design procedures
which will result in the longitudinal trim charscteristics desired. How-
ever, it is apparent, in view of the preceding discussion and the numer-
ical results shown in the tebles, that the desired trim characteristic
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of minimum power effect masy be approached by a process of rational modi-
fication of the original design. In particular, a relatively small ele-
vator located essentlally outside of the slipstream will help greatly in
achleving this goal, as will careful location of the horizontal tail
wlth respect to the wing weke in the power-off condition at the most
desirable incidence angle. Orientation of the thrust sxis 1s also a
powerful ald in this regard.

It may be well to point out here that a tab provides a better way
of maintaining the critical angle of attack with a single elevator
setting then does an adjusteble stabilizer. This 1s so because a tab
mainly influences the control force asnd not the tail 1ift coefficlent.
For example, the Ag-l airplane, which is treated as & numerical example
in this report end for which flight-test data were presented in refer-
ence 2, could be modified to have the stabilizer move with the flaps to
keep the relationship between the critical angle of attack and elevator
deflection the same; then speed trim could be made by use of the tab.

Some quantitative flight-test data regarding the effect of hori-
zontal tall configuration are given in reference 2. More specifically,
it is shown there that for a partlcular tricycle-gear airplane it was
possible to achleve a condition whereby the elevator deflection was
maintained within the grestest value that would still result in satis-
factory lateral control characteristics under varying flight conditions.
This was achleved most easily by providing elevetors of relatively small
area located for the most part outside of the slipstream. Essentially
equivalent characteristics were achieved by using an elevator of some-
what larger area and much larger span but by restricting the meximum
deflection angle to a lower value than in the previous case.

It 1s believed that the methods of anselysis presented and discussed
in this report will assist the designer in estimating quentitatively the
effects of chenges in the verious design parameters in his attempt to
provide for adequate control under all conditions.

CONCILUDING REMARKS

Many design parameters influence longltudinel trim cheracterlstics.
By a process of rational design modificetion, using the simplified ana-
lytical methods presented in this report to prediet the effects of
changes in the design parameters, the designer msy epproach the desired
condition of little or no change in elevator trim position upon applli-
cation of power. This procedure should result in a design in which for
one center-of-gravity position the maximum up-elevator deflectlon mey
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be maintained within the greatest value that will still result in satis-
factory lateral control characteristics under all flight conditions,
while, at the same time, adequate longitudinal control is available.

Texas Englneering Experiment Station,
Texas Agricultural and Mechanical College System,
College Station, Texas, May 20, 1955.
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APPENDIX

SYMBOLS

aspect ratio

lift-curve slope

section lift-curve slope

spen, ft; propeller width at r, ft

drag coefficient

1ift coefficient

increase of 1lift coefficient, at particulasr angle of attack,
upon deflecting flap

lift coefficient, at same angle of attack, flaps retracted

pitching-moment coefficient

fuselage pitching-moment coefficient ebout fuselage aero-
dynamic center

propeller normal-force coefficient

rate of change of propeller normal-force coefflcient with
angle of attack of thrust Iline

power coefficient

chord, ft
mean aerodynamic chord, ft

section profile-drag coefficient

section 1lift coefficlent

section pltching-moment coefficient
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(qmac)' average section plitching-moment coefficlent ebout wing aero=-
i dynamlc center for portion of wing immersed in slipstream

D propeller diameter, ft

dg height of tall quarter-chord point sbove ground, ft

dp o vertical distance from elevator hinge line to thrust line,
positive down, £t :

h vertical displecement of wake center line, ft

hgo distance below wing trailing edge of weke origin, ft

hP vertical distance from longitudinal component of thrust-line

center of gravity, positive up, ft

i incidence angle with respect to airplane reference line,
positive up, deg

J advance ratio

K ground-effect factor

Key fuselage moment factor

k factor for determining wake origin

L 1ift, 1b; also length, f%

Ley overall fuselage length, ft

Zp longitudinal distance from propeliér disk to center of grav;ty,

posltive rearward, ft

lg longitudinal distance from center of gravity to tail aero-
dynemic center, positive rearward, ft

M piltching moment, ft«lb

m vertical distence (with respect to airplane reference line)
from wing tralling edge to elevator hinge axis, positive
up, £t ’

N propeller rotational speed, rpm

N? ‘propeller normal force, lb

n number of propellers
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number of blades

power, bhp

dynemic pressure, 1lb/sq ft, %gvz
propeller radius, £t

redius to propeller blade element, ft
surface area, sq ft

propeller disk area, sq ft

propeller thrust force, 1b

propeller thrust-~force coefficient

thrust coefficlent corresponding to power-off 1ift coefficlent

velocity, fps
alrplane gross weight, 1b

meximum wldth of fuselage, ft

power coefficient adjustment factor

longltudinal distance from wing guarter-chord point to ele-
vator hinge axis, positive rearward, ft

longltudinal distance from center of gravity to wing aero-
dynemic center, positive forward, ft

vertical distance from wake origin to ground, ft

vertical distance from center of gravity to wing aerodynamilc
center, positive up, ft

angle of attack, deg

absolute angle of attack (measured from zero 1ift), deg

angle of attack of thrust line, deg
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A angle of attack for zero lift, deg
B propeller blade angle, deg

o] control-surface deflection, positive down, deg
€ average downwash angle, deg

Tp propeller efficiency

yrs tall efficiency factor, 9/

A taper ratio

p density, slug/cu ft

c density ratio

T elevator effectiveness factor

¢ tilt of thrust line, positive down, deg
Subscripts:

ac gerodynemic center

e elevator

£ flap

fu fuselage

g ground

i immersed in slipstream

max maximum

0 power off

js) propeller

T thrust line

horizontal tall
W wing

wi wing-fuselage cambination
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TABLE I.~ GEOMETRIC AND AERODYNAMIC DATA FOR HIGE-WING ATRPLANE®

Geometric Data

1, = 3.8° by = 36 £t

iy = O° by = 10 ft

Gy = 4.98 £t Wiy = 3.5 ft

Sy = 180 sq ft Ly = 2L.77 £t

St = 25.8 sq £t D=6 ft

Se = 10.8 sq Tt Sp = 28.3 sq Tt

Ay = 7.2 R =3 ft

Aty = 3.88 A=1

g =0
Center-of-Gravity

W= 1,050 1b lp = 6.21 £t
Longitudinal c.g. = 30.4% M.A.C. Zge = 2.85 ft
x = 14,33 ft . m = -0.85 ft
Xge = 0.33 £t hp = -0.85 £t
ly = 13.16 ft dp = 0.58 £t

Aerodynamic Data
Wing section = NACA 23012
(aw)gec = 0.100/deg
Cmac = -0-008

G'ZL = -1.20
Cp, = 0.175 &t oy = 15.8°

b7

&Values given here are from three sources:

data, estimated from design data, or actually measured.

directly from design



148 NACA TN 3677

TABLE II.- GEOMETRIC AND AERODYNAMIC DATA FOR LOW-WING AIRPLANE®

Geometric Data

1, = 2° by = 39.8 £t
iy = -0.5° flaps up (~6.9° flaps down) by = 17.75 £t
Sy = 7.5 Tt Wey = 3.33 Tt
Sy = 290 sq ft Le, = 27.2 £t
Sy = 53.5 sq Tt D="7.5ft
Se = 20.2 sq ft Sp = Wh.3 sq £t
Ay = 5.5 R =3.75 ft
Ag = 5.9 A=1
@ = 5.0°
Center~of-Gravity Data

W = 2,700 1b lp = 8.33 £t

Longitudinal c.g. = 25% M.A.C. Zge = 0.031 £t

x = 18.30 £t m = 2.50 £t

Xge = 0.167 £t hp = -0.250 %

1t = 16.8 £t dp = -0.50 £t

Aerodynemic Data

Wing section = NACA 64021 (modified)
(2)gec = 0.094 /deg

z1
Coy

.20 (-14.3° with flaps down 40°)
0.197 at oy = 17.5°

8Values given here are taken directly from design data or are esti-
mated from design data.



TABLE ITI.- COMPARTSON BETWEEN COMPUTED AND MEASURED ELEVATOR DEFLECTION REQUIRED TO TRIM

Elevator deflection required

to trim, b5, deg
Airplane Condition ;’Z’ Power
g Flight test
Calculated
()
High-wing Basic analysis 15.8 4.5 e Off
Basic + Windmilling propeller 15.8 -5.6 by Off
Basic + Ground effect + Windmililing propeller 15.8 -7.6 -10.1 ofe
Forward c¢.g. position (moved 3.1% M.A.C. forward) 15.8 ~7.8 | eeee- off
Forwerd c.g. + Windmilling propeller 15.8 -6.9 9.5 Off
Forward c.g. + Ground effect + Windmilling 15.8 -10.4 ~14.1 Off
propeller "
Rearward c.g. position (moved 1.9% M.A.C. rearward) 15.8 ~1.2 ————— Off
Rearward c.g. + Windmilling propeller 15.8 -.3 -2.7 off
Rearward c.g. + Ground effect + Windmilling 15.8 b7 -9.5 Off
propeller
Low-wing Basic analysis 17.5 -9.2 —————— ore
Basic + Windmilling propeller 17.5 -8.1 ~10.5 off
Basic + Ground effect + Windmilling propeller 11.0 ~T.7 -6.5 off
Basic + Flaps down L0° 13.0 -6.8 —— Off
Basic + Fleps down 40° + Windmilling propeller 13.0 5.4 ~L.0 off
Basic + Flaps down 40° + Ground effect + 11.0 ~1k.5 -13.0 ofe
Windmilling propeller
High-wing Basic analysis 15.8 -1.0 .3 On
Forward c.g. position (moved 3.1% M.A.C. forward) 15.8 -2.1 -3.8 On
Rearwsrd c.g. position (moved 1.9% M.A.C. rearward) 15.8 -2 +1.9 On
Low-wing Basic analysis 4.5 -3.5 +1.0 On
Basic + Flaps down 40° 17.0 k.0 +3.5 On

8High-wing airplane , ref. 1; low-wing alrplame, ref. 2.
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TABLE IV.- EFFECT OF CHANGES IN DESIGN PARAMETERS ON ELEVATOR DEFLECTION REQUIRED TO TRIM

Qi s De,
Airplane Condition deg Power deg
(2)
High-wing Basic analysis 15.8 off 4.5
Besic + Windmilling propeller 15.8 off ~3.6
Basic + Ground effect 15. ofe 8.4
Basic + 50% tail-length increase 15.8 Off ~T.2
Basic + 3° change (negative) in tail incidence angle 15.8 off -9.5
Basic + 50% elevator-ares increaseb 15.8 off =3.7
Basic + High horizontal tail position (raised 3 ft) 15.8 off -5.5
Forward c.g. position (moved 5% M.A.C. forward) 15.8 off -9.8
Rearwerd c.g. position (moved 5% M.A.C. rearward) 15.8 Off +1.0
Bigh c.g. position (moved up 5% M.A.C.) 15.8 off 4.0
Iow c.g. position (moved down 5% M.A.C.) 15.8 off 4.8
Midwing configuration 15.8 off -2.1
Low-wing configuration 15.8 off ~6.1
TLowv-wing Basic snalysis 17.5 off -9.2
Basic + Windmilling propeller 17.5 off 8.1
Basic + 50% tail-length increase 17.5 off -11.k
Basic + 30 change (negative) in tail incidence angle 17.5 off -1.5
Basic + 50% elevator-ares increaseP 17.5 off ~T.4
Bagic + High horizontal tail position (raised 3 ) 17.5 oLe ~11.8
Forward c.g. position (moved 5% M.A.C. forward) 17.5 Off -l.2
Rearward c.g. position (moved 5% M.A.C. rearwerd) 17.5 off ~3.9
High c.g. position (moved up 5% M.A.C.) 17.5 off ~8.1
Low c.g. position (moved down 5% M.A.C.) 17.5 off -10.0
Basic + Flaps down 40° 13.0 Off -3.1

8Power-on computations were made using method of ref. 10 for estimeting downwash angle due to power amnd 1y

due to power.
Protal horizontal tall area held constant.
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TABLE IV.- EFFECT OF CHANGES IN DESIGN PARAMETERS ON ELEVATOR DEFLECTION REQUIRED TO TRIM - Concluded

Bes
Airplane Condition Pover deg
(a)
High-wing Baslc analysis On ~1.0
Basic + 50% tail-length increase On 2.5
Bagic + 3° chenge (negative) in tail incidence angle On -5.8
Basic + 50% elevator-area increaseP On -.9
Basic + High horizontal tail position (raised 3 ft) On 2.1
Forwerd c.g. position (moved 5% M.A.C. forward) On -2.9
Rearward c.g. position (moved 5% M.A.C. rearward) On +1.1
High c.g. position (moved up 5% M.A.C.) 15.8 On -.6
Low c.g. position (moved down 5% M.A.C.) 15.8 On -1k
Midwing configuration 15.8 On ~3.h
Low-wing configuration 15.8 On -2.7
Low~-wing Bsslc analysis 17.5 On 4.5
1.5 On -3.5
Basic + 50% tail-length increase 17.5 On -6.4
Basic + 3° change (negative) in tail incidence angle 17.5 On -10.6
Basic + 50% elevator-area increaseP 17.5 On =3.7
Basic + High horizontal tail position (raised 3 ft) 17.5 On ~7.2
High c.g. position (moved up 5% M.A.C.) 17.5 On I
Iow c.g. position (moved down 5% M.A.C.) 17.5 On .9
Forward c.g. position (moved 5% M.A.C. forward) 17.5 On ~T7.3
1.5 On ~-6.1
Rearward c.g. position (moved 5% M.A.C. rearward) 17.5 On -1.6
.5 On -.8
Basic + High thrust line (moved up 10% M.A.C.) 4.5 On -5.0
Basic + Low thrust line (moved down 10% M.A.C.) 1%.5 On -2.1
Basic + Additional 5° thrust-Iline tilt (down) 4.5 On 4.9
Basic + Flaps down 40° 17.0 On +.0

8Power-on computations were made using method of ref. 10 for estimating downwash angle due to power and T
due to power. :

bTotal horizontal tall area held constant.
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TABLE V.~ COMPARISON BEIWEEN CAICULATED AND MEASURED CHANGES IN ELEVATOR DEFLECTION

REQUIRED TO TRIM DUE TO APPLICATION OF POWER

Change in elevator deflection

a
Airplane Condition zgé due to pover, /[be,™ deg
Calculated Flight test

High-wing | Basic 15.8 ~2.6 4.1

Forward c.g. position (moved 3.1% M.A.C.) 15.8 -.8 ~5.7

Rearwsrd c.g. position (moved 1.9% M.A.C.) | 15.8 -.1 4.6
Low-wing Basic (flaps up) 17.5 ~3.6 4.5

Basic (flaps down) 13.0 -5k -2.5

a = -
20e = (Be)yinamiiling propeller

(ae)powe:;' on’
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TABLE VI.- EFFECT OF APPLICATION OF POWER ON ELEVATOR DEFLECTION REQUIRED TO TRIM

LL9¢ NI VOYN

Elevator deflection required
to trim, & de
Airplane Condition Z:é ) D 08
Power off Windmilling Power on
propeller
High-wing | Basic 15.8 4.5 -3.6 -1.0 -3.5
Basic + 50% tall-length increase 15.8 -7.2 -6.1 -2.5 .7
Basic + 3° change (negative) in tail incidence 15.8 -9.5 -8.7 ~5.8 -3.7
angle '
Basic + 50% elevator-area increaseb 15.8 =3.7 ~3.0 -.9 -2.8
Basic + High horizontal tail position 15.8 5.5 3.6 -2.1 3.4
Forward c.g. position (moved 5% M.A.C. forward) 15.8 9.8 -9.0 ~-2.9 6.9
Rearward c.g. position (moved 5% M.A.C. rearward) | 15.8 +1.0 +1.9 +1.1 -.1
High c.g. position (moved up 5% M.A.C.) 15.8 4.0 3.4 -.6 -3.6
Iow c.g. position (moved down 5% M.A.C.) 15.8 .8 -3.8 1.k 3.0
Midwing configuration 15.8 -2.1 -1.3 ~3.h -1.3
Low-wing configuration 15.8 -6.1 -5.2 2.7 3.4
Low-wing Basic 17.5 -9.2 -8.1 4.5 4.7
) Besic + 50% tail-length increase 17.5 ~11.4 ~10.5 ~6.14 ~5.0
Basic + 3° change (negative) in tail incidence

angle . 17.5 ~14.5 ~13.4 ~10.6 ~3.9
Basic + 50% elevator-area increaseP 17.5 ~7.h -6.6 3.7 ~3.7
Basic + High horizontal tail position 17.5 -11.8 -10.7 -7.2 .6
Forward c.g. position (moved 5% M.A.C. forward) 17.5 -14.2 -15.1 -7.3 6.9
Rearward c.g. position (moved 5% M.A.C. rearward) | 17.5 -3.9 -2.8 -1.6 -2.3
High c.g. position (moved up 5% M.A.C.) 17.5 8.4 7.3 1 4.3
Iow c.g. position (moved down 5% M.A.C.) 17.5 ~10.0 -8.8 4.9 5.1
Basic + Additional 5° thrust-line tilt (down) 17.5 -9.2 -9.2 6.1 -3.1

a =
Mg = (8e)power off ~ (63)power on®

bTo’t:al horizontal tall area held constant.
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Figure 1.- Forces and moments in plane of symmetry.
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Cr,

= CLp = L.0; A = 1:1; Ay = 9.
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CL = CLf=l.O; A= 5:1; AW= 6.
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Figure 12.- Design chart for downwash displacement and angle (ref. 5).
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